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Cesium lead halide (CsPbXs: X = I, Br, Cl) perovskite nanocrystals (NCs) have proven their potential as a
contender for various optoelectronic applications. They have also been used as fluorescent probes for the
detection of different metal ions. However, perovskite NCs are prone to degradation by water, light, and heat.
Therefore, it is essential to tackle these issues before implementing them in real-world applications. Recently,
doping metal ions in perovskite structures and core/shell nanostructure formation are some of the strategies
that have been implemented to improve NC stability, which is still not satisfactory. To further enhance NC
stability, we grew a polyvinylpyrrolidone (PVP) polymer shell around pre-synthesized silica-coated Zn-doped
CsPbBrs NCs, which demonstrated better stability against water and heat and less effectiveness in the halide
exchange process. The optimized polymer shell around the NCs revealed the highest stability with improved
emission intensity. The as-synthesized NCs were green emitters and showed maximum photoluminescence
quantum yield (PLQY) up to 88%. The water and heat stability of the double-coated Zn-doped CsPbBrs NCs

Received 9th March 2022, were increased by about two times compared with those of the silica-coated NCs. To the best of our

Accepted 25th April 2022 knowledge, there are no reports to date on indium (In) ion detection using perovskite NCs as the fluorescent
DOI: 10.1039/d2ma00272h probe. Here, double-coated perovskite NCs were tested as a fluorescent probe for In ion detection in water.

These observations are incredibly beneficial for lighting applications and can be used for In-ion detection in
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Introduction

All inorganic cesium lead halide (CsPbX;: X = I, Br, CI) per-
ovskite nanocrystals (NCs) have emerged as promising materi-
als for various optoelectronic applications due to their excellent
properties, such as high absorption coefficient, color tunability,
high luminescence intensity, narrow emission spectra, higher
color purity, low threshold energy for lasing, and easy solution
processability."® The photophysical properties of the NCs
immensely depend on the interface between the outermost
atoms and surface-bound passivating ligands.” ™" If the outer-
most atoms are not fully passivated, they will create nonradia-
tive defect/trap states, leading to low photoluminescence (PL)
performance. The low activation energy of halide ion migration
facilitates rapid phase segregation in mixed halide perovskites,
unable to maintain their initial emission properties."*™* Such
halide migration causes the formation of defect/trap states
inside the perovskite structure, leading to the nonradiative
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natural resources and industrial wastes.

recombination of charge carriers and resulting in poor emis-
sion intensity. The lower stability of perovskite crystal struc-
tures against water, light, and heat, is occurred due to their
ionic nature and large surface energy, which is still a bottleneck
for practical applications.**™"”

Perovskite NCs are usually synthesized via a hot-injection or
ligand-assisted reprecipitation (LARP) synthesis approach."?
Recently, various efforts have been made to further improve
the stability and photoluminescence (PL) intensity of NCs
during the synthesis process.'®'®'® One of the methods is the
partial replacement of Pb ions with different divalent metal
ions (e.g., Zn, Mn, Mg, etc.) in the perovskite structure.”®®
Such doping in the perovskite structure significantly improves
structural stability via enhancing the formation energy, leading
to an increase in emission intensity. Usually, partial substitu-
tion with smaller metal ions reduces the Pb-X bond length and
stabilizes the perovskite structure by reducing octahedral dis-
tortion. It leads to an increase in the values of the tolerance
factor and formation energy, which improve the overall per-
ovskite phase stability and thermal stability. Zn-doped CsPbX;
NCs have recently been employed in various optoelectronic
devices for their improved crystal quality and reduced defect
states.>'* Coating of perovskite NCs with comparatively stable

© 2022 The Author(s). Published by the Royal Society of Chemistry
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shells, such as lower-dimensional perovskites [e.g., (OA),PbBr,,
Cs,PbX,], metal oxides (e.g., SiO,, TiO,), and metal sulfides
(e.g., ZnS, PbS), help improve NC stability and emission inten-
sity, and resist ion migration among the NCs.?®7*

Compared with the rigid inorganic shell, polymers are much
more flexible and increase the hydrophobicity of the core NCs,
thereby improving their water stability. Surface coating of perovskite
NCs with bulky polymers [e.g., poly(methyl methacrylate) (PMMA),
polyhedral oligomeric silsesquioxane (POSS), polyvinylpyrrolidone
(PVP), and polystyrene (PS)] enhance NC stability and improve
dispersivity in different polar solvents.’**”*>>” §i0,-coated perov-
skite NCs are also used in various applications due to their better
stability in polar solvents.>"***! Usually, water and alcohol originate
from the hydrolysis and condensation processes of silica, which can
attack perovskite NCs and generate surface defects.*” The thin SiO,
shell provides the core perovskite materials with limited stability in
polar solvents, resulting in PL quenching. The growth of thicker
SiO, shells is also a challenging process, and the NCs degrade very
quickly during the coating process. Double-shell growth around the
perovskite NCs proves to be an efficient method to improve NC
stability further. Li et al. synthesized CsPbBr;/SiO,/Al,0; core/shell/
shell monoliths by incorporating CsPbBr; NCs into a SiO,/Al,O3
monolith through a sol-gel process, demonstrating high stability
and PLQY up to 90%.*° CsPbBrs/TiO,/polymer nanosheets,
CsPbBr;/Si0,/ZrO, nanocomposites, and CsPbBr;/SiO,/SiO, NCs
with core/shell/shell structures also show better thermal, photo,
and moisture stability.**>***”

Indium tin oxide (ITO) is mainly utilized in semiconductor
industries as a transparent conducting electrode for LEDs, televi-
sions, solar cells, and other electronic devices.*®*° The consumption
of indium (In) is increasing rapidly worldwide. Since In is not an
essential element for the function of the human body, overexposure
to In-based compounds has potential health risks.”>”" Therefore,
accessible, cheap, sensitive, and real-time monitoring methods for
detecting In ions are essential. Very few polymers have been tested
as fluorescent probes for detecting In-ions.”*>* Recently, perovskite
NCs have been demonstrated as efficient fluorophores for the
detection of different metal ions (e.g., Cu, Hg, Zn) due to their high
signal-to-noise ratio.”>° In this study, we have synthesized silica-
coated Zn-doped CsPbBr; NCs via the LARP synthetic approach
under normal atmospheric conditions (relative humidity above
80%). Then, we added different amounts of PVP polymer to grow
different thick shells around the NCs and investigated their photo-
physical properties. We noticed that the PVP polymer-coating
improves the overall NC stability and emission intensity. These
observations encouraged us to investigate these double-coated Zn-
doped CsPbBr; NCs as the fluorescent probe for In-ion detection
in water.

Experimental section

Materials

Cesium bromide (CsBr, 99.999% trace metal basis), lead(u)
bromide (PbBr,, 99.999% trace metal basis), zinc bromide
(ZnBr,, 99.9%, trace metal basis), N,N’-dimethylformamide
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(DMF, anhydrous, 99.8%), tetrabutylammonium chloride
(TBA-Cl, >97%), (3-aminopropyl)trimethoxysilane (APTMS,
97%), poly(vinyl pyrrolidone) (PVP, avg. M, ~ 6000, PDI <
1.2), and toluene (anhydrous, 99.8%) were purchased from
Sigma Aldrich. n-Octylammonium bromide (OABr, 99%) was
purchased from Greatcell Solar Materials. Ethanol (absolute for
analysis, 99%) was purchased from Merck. Aluminum(ur) chlor-
ide hydrate (97%, AR Grade) and potassium hydroxide (85%,
pellets) were purchased from SD Fine Chem Limited. Iron(m)
chloride (anhydrous, 98%) and calcium hydroxide (85%, pel-
lets) were purchased from Avra Synthesis Private Limited.
Iron(n) chloride hydrate (95%), indium(m) acetate (99.99%),
cobalt nitrate (97%), and nickel(u) chloride hexahydrate (98%)
were purchased from Central Drug House Private Limited, Alfa
Aesar, Nice Chemicals Private Limited, and Sisco Research
Laboratories Private Limited, respectively. All chemicals were
used without further purification.

Synthesis of silica-coated Zn-doped CsPbBr; NCs

Silica-coated Zn-doped CsPbBr; NCs were synthesized via the
ligand-assisted re-precipitation (LARP) method.*! At first, in a
glass vial, 0.016 mmol of CsBr, 0.004 mmol of OABr, 0.004 mmol
ZnBr,, and 0.02 mmol of PbBr, were mixed in 1.1 mL of DMF.
The mixture was stirred at normal atmospheric conditions until
a clear transparent solution was formed. Then, 10 uL of APTMS
was mixed and shaken to form the final precursor solution.
Then, 500 pL of the final precursor was swiftly injected into a
round-bottomed glass flask containing 10 mL of toluene under
normal atmospheric conditions. The mixture was continuously
stirred for four hours to complete the hydrolysis process of
APTMS to convert it into a compact silica shell around the NCs.
After the completion of NC synthesis, the NC solution was
transferred to a centrifuge tube and centrifuged at 3000 rpm for
10 min. Then, the supernatant was discarded, and the precipi-
tate was dispersed in ethanol for further synthesis or
characterization.

Post-synthesis treatment of silica-coated Zn-doped CsPbBr;
NCs with PVP polymer

The Post-synthetic PVP treatment was carried out by adding
1 mL of diluted (~ 10 mg mL™") silica-coated Zn-doped CsPbBr;
NCs to different amounts of PVP polymer (i.e., 2.5 mg, 5 mg,
7.5 mg, and 10 mg) separately in round-bottomed glass flasks.
The NCs were kept under continuous stirring conditions for six
hours for the adsorption of PVP on the silica surface. The as-
prepared NC solution was transferred to a centrifuge tube and
centrifuged at 6000 rpm for 15 min. Then, the precipitate was
collected and dispersed in ethanol for further characterization.

Preparation of the TBA-CI precursor solution

The TBA-Cl precursor solution was prepared by dissolving
1 mmol of TBA-Cl salt (278 mg) in 5 mL toluene. The mixture
was sonicated to dissolve the salt properly in the solvent.
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Results and discussion

The schematic of the post-synthetic PVP coating of the silica-
coated CsPbBr; NCs is shown in Fig. 1(a). PVP is a kind of
non-ionic surfactant that can be adsorbed onto the surface of
silica-coated NCs. The carbonyl or carboxyl group present in the
organic PVP polymer chains can form hydrogen bonds with the
hydroxyl groups present in the inorganic silica shell, which are
formed after the complete hydrolysis of the silane
precursor.®®®! The absorption and PL spectra of the different
polymer-coated Zn-doped CsPbBr;/SiO, core/shell NCs dis-
persed in ethanol are shown in Fig. 1(b) and (c), respectively.
The absorption spectrum of NCs-0 revealed a band edge
absorption peak at around 512 nm.>' With the increase in
PVP polymer, the band edge positions of the corresponding
NCs were slightly blue-shifted. The emission peak position of
PVP-0 NCs was at 515 nm (FWHM ~ 23 nm) with a PLQY of
about 83%. With an increase in PVP polymer up to a certain
limit (for PVP-5 NCs), the PL peak position blue-shifted slightly
to 511 nm. The emission intensity of the NCs also increased,
confirming effective passivation of the silica-coated surface by
the PVP polymer. The maximum PLQY of 88% was achieved for
PVP-5 NCs. A similar emission shift was noticed when a PEO
polymer was used to passivate silica-coated MAPbBr; NCs.*'
Such passivation of NCs increases the confinement effect, and
as a result, the PL peak slightly blue-shifts. The photographic
images of the double-coated PVP-5 NCs under normal daylight
and UV light are represented in Fig. S1 (see ESIT). Further
increments in PVP polymer showed a detrimental effect on the
emission properties, with the emission peak position slightly
red-shifted to 513 nm and decreased PL intensity. Excess
polymer incorporation has a detrimental effect on the NC
emission properties and results in enormous lattice strain at
the interfaces. Such lattice strain results in significant bond
length alterations that can modify the electronic band energies
and shift the bands to lower energy.®’”®* The subsequent
observations are provided in Table 1 for better understanding.
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Fig.1 (a) Schematic of PVP coating around the silica-coated CsPbBrs

NCs. (b) Absorption and (c) PL spectra of different double-coated Zn-
doped CsPbBrz NCs.
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Table 1 Optical properties of the different double-coated NCs
Name of the NCs  PL Peak Position (nm) FWHM (nm) PLQY (%)
PVP-0 515 23 83
PVP-2.5 513 23 85
PVP-5 511 23 88
PVP-7.5 513 23 86
PVP-10 513 23 82

The X-ray diffraction (XRD) patterns of all NCs in the thin-
film form are represented in Fig. 2(a). The XRD diffraction
pattern of the PVP-0 NCs revealed a monoclinic phase of the
CsPbBr; crystal structure (PDF #00-18-0364).>"°°® The broader
XRD peaks correlated their sizes to the nanoscale region. The
characteristic XRD diffraction peaks at the angles of 14.9°,
21.3°% 26.2°, 30.4°, 34.3°, 37.4°, and 43.5° corresponded with
the (001), (110), (111), (002), (210), (211), and (202) lattice
planes, respectively. Moreover, the diffraction peaks of the
NCs shifted slightly to higher angles compared with the pure
CsPbBr; diffraction peaks due to the expansion of the perov-
skite crystal lattices caused by the substitution of Pb atoms with
the smaller-sized Zn atoms. The XRD diffraction peak positions
of the PVP-coated NCs remained unchanged, confirming their
similar monoclinic CsPbBr; crystal structure. This emphasizes
that the polymer coating around the silica-coated NCs did not
influence the core perovskite structures due to the protection
offered by the thicker silica shell. The crystal phase of
(OA),PbBr, was not detected as a very thin shell layer may have
formed around the CsPbBr; NCs.>%?°

The transmission electron microscopy (TEM) images of
double-coated PVP-5 NCs were obtained to confirm the size
and shape of the NCs and are represented in Fig. 2(b). The TEM
images revealed that PVP-5 NCs had an average particle size
distribution of 14.8 + 6.7 nm. The slightly blurred surface
around the NCs indicated the formation of a comparatively less
dense silica shell. The compact silica coating around the NCs
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Fig. 2 (a) XRD diffraction patterns of the PVP-0, PVP-2.5, PVP-5, PVP-7.5,
and PVP-10 NCs, as shown in the legend. The bottom of the figure
represents the standard XRD diffraction patterns of the monoclinic

CsPbBrs perovskite structure. (b) The TEM image of PVP-5 NCs. (c) FTIR
spectra of PVP-0 and PVP-5 NCs, as shown in the legend.
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protects them from the external harsh atmosphere. The TEM
images of the other NCs are shown in Fig. S2a-d (see ESIt part).
The NC images were not clear due to the presence of the thick
and insulating PVP polymer, which causes a charging effect due
to electron irradiation or possibly mechanical vibration of the
tubes.®”” The HRTEM image of PVP-0 NCs revealed an inter-
planar spacing of 0.42 nm, which corresponded with the (001)
lattice planes of the CsPbBr; monoclinic perovskite crystal
phase (see Fig. S2e in ESIT).>" We could not observe consider-
able changes in particle size distribution with the addition of
the PVP shell. However, the NCs tended to agglomerate among
themselves with higher amounts of the PVP polymer.®*?

We performed Fourier transform infrared (FTIR) spectro-
scopy analysis to confirm the presence of silica and PVP coating
around the NCs. The FTIR spectra of the PVP-0 and PVP-5 NCs
are shown in Fig. 2(c). The FTIR spectrum of PVP-0 NCs showed
strong absorption peaks at 1090 and 920 cm™ ' due to the
asymmetric stretching vibration of the Si-O-Si bonds and
symmetrical stretching vibration of the Si-O bonds,
respectively.?*¥*° The additional peak at 2888 cm ' origi-
nated from the symmetric stretching vibration of the -CH
bonds. These peaks confirmed the silica coating around the
PVP-0 NCs. However, the FTIR spectrum of PVP-5 NCs showed
enhanced characteristics peaks at 3346, 1630, and 1328 cm ™ *
originating from -OH bending, C—=O stretching, and C-N
stretching, respectively.®®”® Some additional absorption peaks
appeared at 2975 and 1465 cm™ ' corresponding to strong C-H
stretching and C-H bending, respectively, which confirmed the
presence of the PVP polymer around the silica-coated NCs.®®7°
Therefore, these observations confirm that the polymer was
deposited on the silica-coated perovskite NCs.

We performed the stability test of the different double-
coated Zn-doped CsPbBr; NCs against the halide exchange
process in the presence of the tetrabutylammonium chloride
(TBA-C1) precursor, and the corresponding observations are
represented in Fig. 3(a)-(e). At first, the NC solutions at the
same concentration (~5 mg mL™ ') were dispersed in 500 pL
ethanol separately in quartz cuvettes. Then, we recorded the PL
spectra of each NC solution before and after adding the TBA-CI
precursor solution. The corresponding observations were
recorded at different time intervals, as shown in Fig. 3(f). The
emission spectra of all the NCs were blue-shifted, and the
emission intensity also decreased over time due to the fast
anion exchange in CsPbBr; NCs caused by the substitution of
the Br-ions with Cl-ions, which increased the overall bandgap
of the resultant NCs.”" The initial emission peak of PVP-0 NCs
was at 518 nm, which blue-shifted by 57 nm after 18 min of
reaction(see Fig. S3 in ESIf). The corresponding emission
spectra of the PVP-2.5, PVP-5, PVP-7.5, and PVP-10 NCs were
blue-shifted by 52, 48, 52, and 50 nm, respectively, with the
addition of the same amount of TBA-Cl precursor. The halide
exchange process was very fast upon the addition of TBA-CI
precursor inside the NC solutions, and it became slower over
time.> ™ Overall, these results indicate that the halide
exchange process led to the deterioration of the optical proper-
ties of the NCs. However, it was noticed that, among all the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 PL spectra of the (a) PVP-0, (b) PVP-2.5, (c) PVP-5, (d) PVP-7.5, and
(e) PVP-10 NCs after the addition of TBA-Cl precursor at different time
intervals, as shown in the legend. (f) The decrease in the PL intensity of
these NCs with time after halide exchange.

samples, the PVP-5 NCs were less prone to the halide exchange
reaction and presented better stability.

We performed a water stability test for all the NCs; the
corresponding photographic images are represented in
Fig. 4(a), and more detailed information can be seen in
Fig. S4 (see ESIT). For this experiment, we took 100 uL of each
NC solution in a glass vial and dispersed it in ethanol (concen-
tration of ~10 mg mL™"); then, we added 25 pL of deionized
(DI) water in steps. The photographic images of the NC solu-
tions were captured immediately after the addition of water and
mixing in a vortex shaker. We recorded the volume of DI water
required to change the NC emission properties under a UV
lamp. We noticed that a certain amount of DI water was
required for the emission of NCs to transform from green to
blue color under the UV lamp due to the formation of compara-
tively stable blue-emitting lower-dimensional perovskite
structures.>®’*> The UV-vis absorption and PL spectra of these
blue-emitting NCs are shown in Fig. S5 (see ESIt), in which the
absorption and PL peak positions are located at 461 and
470 nm, respectively. With the further addition of DI water to
the NC solutions, the PL intensity was quenched due to the
total degradation of the perovskite structures."*” The photo-
graphic images of the different PVP-coated NC solutions under
the UV lamp were captured when different amounts of DI water
(0, 200 and 400 uL) were added (see Fig. 4(a)). We recorded the
amount of DI water added to the NC solutions during these two

Mater. Adv,, 2022, 3, 4684-4692 | 4687
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Fig. 4 (a) Water stability test: Photographic images of the PVP-0, PVP-2.5,
PVP-5, PVP-7.5, and PVP-10 NC solutions under a UV lamp when different
amounts of DI water (0, 200 and 400 pL) were added to the corresponding
NC solutions. Heat stability test: PL spectra of the (b) PVP-0 and (c) PVP-5
NC films at different time periods. (d) The decrease in PL intensity of these
films over time during the heat test, as shown in the legend.

transition points and tabulated these values in Table 2. From
the table, it can be noticed that the emission color of PVP-0 NCs
changed to blue with the addition of 200 pL DI water, and
280 pL DI water was required for total PL quenching. However,
the polymer-coated NCs demonstrated better stability against
water. Among them, PVP-7.5 NCs showed the best water stabi-
lity, for which 375 and 475 pL of DI water were required for
conversion to blue emission and total emission quenching of
the NCs, respectively. These results indicate that the PVP
polymer coating significantly improved the stability of the
silica-coated Zn-doped CsPbBr; NCs.

High thermal stability is necessary for the practical applica-
tion of perovskite NCs in conventional optoelectronic devices as
the working temperatures are usually quite high.”>’* Generally,
the emission intensity of NCs falls significantly at higher
temperatures due to the degradation of the perovskite struc-
ture, and the detachment of surface ligands causes the for-
mation of surface trap states.’*™"” Therefore, we tested the heat
stability of the PVP-0 and PVP-5 NC films heated at 100 °C
under normal atmospheric conditions to understand the influ-
ence of the PVP polymer on NC stability (see Fig. S6 in ESI}
part). We recorded the corresponding emission spectra of the
NCs films at 2 min time intervals (see Fig. 4(b) and (c)).
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We noticed that the emission intensity of the PVP-0 NC film
decreased much faster than the PVP-5 NC film. After 10 min of
heating, the emission intensity of the PVP-0 and PVP-5 NC films
retained ~52% and 77% of their initial PL intensity (see
Fig. 4(d)), respectively, while no color change was observed
under normal daylight. On prolonging the heating time up to
60 min, the emission intensity of the PVP-0 and PVP-5 NC films
showed ~23% and 34% of their corresponding initial PL
intensities. These results indicate that the polymer coating
improved NC stability against heat.

Perovskite NCs have been proven as efficient Cu ion
detectors.>>>” Thus, we tried to detect different metal ions
rather than only Cu ions and found that the perovskite NCs
were capable of detecting In ions. The higher water and heat
stability of the double-coated NCs inspired us to investigate
their potential in In-ion detection in water. To perform this
experiment, we first took 100 pL of the PVP-5 NC solution
dispersed in ethanol (concentration ~5 mg mL™') in eight
different glass vials. Then, we dropped equimolar aqueous
solutions of Fe**, Fe*", Ca**, In**, K', Co*", AI*", and Ni**-ions
in these glass vials separately. The photographic images of
these NC solutions before and after the addition of metal ions
under a UV lamp are shown in Fig. 5(a). We noticed that the
emission intensity of one of these NC solutions with In**-ions
was mostly quenched, while the emission intensity of the other
solutions had slightly changed. The changes in the emission
intensity of these NCs with the incorporation of different metal
ions are shown in Fig. 5(b). They reveal effective In**-ion
detection in water in the presence of the PVP-5 NCs. Later, we
added In*"-ion solutions at different concentrations (ranging
from 0 to 104 pM) to the PVP-5 NC solution and recorded the
corresponding emission spectra (see Fig. 5(c)). Here, the PL
intensity first increased with the addition of a small amount of
the In*'-ion solution and then decreased monotonically with
successive increases in the In*'-ion concentration. However,
the shape of the emission spectra remained almost unchanged
and they did not shift to lower/higher wavelengths. Post-
synthesis cation exchange with smaller size atoms in perovskite
structure significantly improves structural stability via enhan-
cing the formation energy, leading to an increase in emission
intensity. We noticed that with the addition of a small amount
of In**-ions (18 uM), the PL intensity of the NCs slightly
increased and the PL spectrum also blue-shifted due to an
increase in the bandgap energy, due to crystal lattice contrac-
tion or shrinkage caused by the substitution of Pb-ions with In-
ions in the perovskite crystal lattices.’* > However, a linear

Table 2 Water stability test and shift in emission peak positions after halide exchange process of the different double-coated NCs

Volume of water required for emission

Name of the NCs color change from green to blue (L)

Volume of water required for
total PL quenching (pL)

Shift in emission peak position after
the addition of TBA-CI precursor (nm)

PVP-0 200 280
PVP-2.5 280 400
PVP-5 300 450
PVP-7.5 375 475
PVP-10 300 425
4688 | Mater. Adv, 2022, 3, 4684-4692
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Fig. 5 (a) Photographic images of PVP-5 NC solutions under a UV lamp

before (top) and after (bottom) the addition of different metal ions as
marked at the bottom. (b) Chart representing the comparison of the PL
intensity of PVP-5 NCs after the addition of different metal ions.
(c) Emission spectra of PVP-5 NCs in the presence of different concentra-
tions of In**-ions, as shown in the legend. (d) Linear fit (blue line)
represents the decrease in the PL intensity of PVP-5 NCs after the addition
of different concentrations of In*"-ions.

decrease in PL intensity at higher concentrations of In**-ions
was seen because of the trapping of charge carriers on the NC
surface (see Fig. 5(d)).”® Such surface modifications resulted in
a decrease in NC PL intensity. We took the four lowest con-
centrations of In ions at which the PL intensity started chan-
ging and plotted the graph (see Fig. S7 in ESI{). We linear-fitted
the points and calculated the detection limit by using the
formula (30/slope).>” The calculated value of the slope and o
(standard deviation) were obtained as 0.0046 and 0.0169,
respectively. We calculated the detection limit as 11 uM
(R* = 0.996) for In*"-ions based on the slope and ¢ values.
These observations verify the good In*"-ion detection capability
of double-coated Zn-doped CsPbBr; NCs in polar solvents with
a broader probing window, which is helpful for In**-ion detec-
tion in natural and waste resources.

Conclusions

In summary, we report the coating of PVP polymer around pre-
synthesized silica-coated Zn-doped CsPbBr; NCs under normal
atmospheric conditions (humidity level above 80%) and inves-
tigated the effect of the polymer coating on the photophysical
properties of the NCs. We found that the NCs crystallized into a
monoclinic CsPbBr; perovskite crystal structure. The polymers
did not have any effects on NC crystallinity. With optimized
PVP coating, the NCs showed superior stability, dispersivity,
and emission properties due to effective coating. Among them,
the PVP-5 and PVP-7.5 NCs showed maximum stability and
higher emission intensities. These NCs exhibited green emis-
sions with a maximum PLQY of up to 88%. However, excess
polymer incorporation led to agglomeration of the NCs and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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created trap states, which resulted in detrimental effects. The
higher stability of these double-coated Zn-doped CsPbBr; NCs
in polar solvents enabled them to detect In**-ions in water, with
good detection capability in a broader probing window. These
results are very promising for lighting applications, as well as
ion detection in natural resources and industrial wastes.
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